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(54) Closed MRI magnet having compact design 

(57) A closed magnetic resonance imaging (MRI) 
magnet (110) has a single superconductive coil assem- 
bly (1 1 2) including a coil housing (114) containing a pair 
of superconductive main coils (128, 130), a pair of su- 
perconductive bucking coils (136, 138) carrying electric 
current in a direction opposite to that of the main coils 
and positioned longitudinally between the main coils at 
roughly the same radial distance as the main coils, and 
at least one additional superconductive main coil (146, 
148) carrying electric current in the same direction as 
the main coils and positioned longitudinally between the 
bucking coils. The coil arrangement allows the design 
of a shorter MRI magnet. 
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Description 

The present invention relates generally to a closed 
superconductive magnet (such as, but not limited to, a 
helium-cooled and/or cryocooler-cooled superconduc- s 
tive magnet) used to generate a high magnetic field as 
part of a magnetic resonance imaging (MRI) system, 
and more particularly to such a magnet having a com- 
pact design and having a homogeneous (i.e., uniform) 
magnetic field within its imaging volume. to 

MRI systems employing superconductive or other 
type magnets are used in various fields such as medical 
diagnostics. Known superconductive magnets include 
liquid-helium cooled and cryocooler-cooled supercon- 
ductive magnets. Typically, for a helium-cooled magnet, is 
the superconductive coil assembly includes a supercon- 
ductive main coil which is at least partially immersed in 
liquid helium contained in a helium dewar which is sur- 
rounded by a dual thermal shield which is surrounded 
by a vacuum enclosure. In a conventional cryocooler- 20 
cooled magnet, the superconductive main coil is sur- 
rounded by a thermal shield which is surrounded by a 
vacuum enclosure, and the cryocooler coldhead is ex- 
ternally mounted to the vacuum enclosure with the cold- 
head's first stage in thermal contact with the thermal 25 
shield and with the coldhead's second stage in thermal 
contact with the superconductive main coil. Nb-Ti super- 
conductive coils typically operate at a temperature of 
generally 4 Kelvin, and Nb-Sn superconductive coils 
typically operate at a temperature of generally 1 0 Kelvin, so 

Known superconductive magnet designs include 
closed magnets and open magnets. Closed magnets 
typically have a single, tubular-shaped superconductive 
coil assembly having a bore. The superconductive coil 
assembly includes several radially-aligned and longitu- 35 
dinally spaced-apart superconductive main coils each 
carrying a large, identical electric current in the same 
direction. The superconductive main coils are thus de- 
signed to create a magnetic field of high uniformity within 
a spherical imaging volume centered within the mag- 40 
net's bore where the object to be imaged is placed. 

Although the magnet is so designed to have a highly 
uniform magnetic field within the imaging volume, man- 
ufacturing tolerances in the magnet and magnetic field 
disturbances caused by the environment at the field site 45 
of the magnet usually require that the magnet be cor- 
rected at the field site for such minor irregularities in the 
magnetic field. Typically, the magnet is shimmed at the 
field site by using pieces of iron, or, for Nb-Ti supercon- 
ductive magnets cooled by liquid helium, by using nu- so 
merous Nb-Ti superconductive correction coils. The cor- 
rection coils are placed within the superconductive coil 
assembly radially near and radially inward of the main 
coils. Each correction coil carries a different, but low, 
electric current in any required direction including a di- 55 
rection opposite to the direction of the electric current 
carried in the main coils. It is also known to shim a closed 
magnet by using numerous resistive DC shim coils all 



located outside the vacuum enclosure (i.e., coil housing) 
in the bore. The resistive DC shim coils each produce 
time-constant magnetic fields and may include a single 
shim coil coaxially aligned with the longitudinal axis and 
carrying an electric current in a direction opposite to the 
current direction of the superconductive main coils to 
correct a harmonic of symmetrical inhomogeneity in the 
magnetic field within the imaging volume caused by 
manufacturing tolerances and/or site disturbances. It is 
noted that time-varying-magnetic-field gradient coils 
typically are placed in the magnet's bore for MRI imag- 
ing. 

Closed MRI magnets tend to have a relatively long 
axial (i.e., longitudinal) length to accommodate the 
number of main superconductive coils needed to 
achieve a homogeneous imaging volume which, espe- 
cially in the case of whole-body magnets, tends to create 
claustrophobic feelings in patients. 

Open magnets typically employ two spaced-apart 
superconductive coil assemblies with the open space 
between the assemblies allowing for access by medical 
personnel for surgery or other medical procedures dur- 
ing MRI imaging. The patient may be positioned in that 
space or also in the bore of the toroidal-shaped coil as- 
semblies. The open space helps the patient overcome 
any feelings of claustrophobia that may be experienced 
in a closed magnet design. Open magnets are known 
which use superconductive bucking coils radially inward 
from the superconductive main coils to correct for gross 
distortions in the magnetic field within the imaging vol- 
ume created by having the open space between the su- 
perconductive coil assemblies. Such bucking coils have 
electric currents with generally the same amperage but 
the opposite direction to the electric current carried by 
the main coils. It is noted the open magnets are more 
expensive than closed magnets for the same strength 
magnetic field within the imaging volume. 

What is needed is a closed MRI magnet which is 
designed to have a relatively short axial (i.e., longitudi- 
nal) length to overcome claustrophobic feelings of pa- 
tients and to provide at least some patient access by 
physicians and which is designed to have a highly uni- 
form magnetic field within its imaging volume to provide 
for sharp medical images. 

It is an object of the invention to provide a closed 
superconductive MRI magnet which meets these 
needs. 

The closed MRI magnet of the invention has a sin- 
gle superconductive coil assembly including a generally 
toroidal-shaped coil housing surrounding a bore and 
having a generally longitudinally-extending axis. The 
single superconductive coil assembly also includes a 
pair of longitudinally-spaced-apart, generally identical, 
and generally annular-shaped superconductive main 
coils each generally coaxially aligned with the axis, each 
having a generally identical inner radius and a generally 
identical outer radius, each carrying a generally identical 
first electric current in an identical first electric-current 
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direction, and each located within the coil housing. The 
single superconductive coil assembly further includes a 
pair of longitudinally-spaced-apart, generally identical, 
and generally annular-shaped superconductive bucking 
coils each generally coaxially aligned with the axis, each 
having a generally identical inside radius and a gener- 
ally identical outside radius, each carrying a generally 
identical second electric current in an opposite direction 
to the first electric-current direction, and each located 
within the coil housing longitudinally between the pair of 
superconductive main coils. At least one of the inside 
and outside radii of the pair of superconductive bucking 
coils has a value between generally the inner radius and 
generally the difference between the inner radius and 
twice the outer radius of the pair of superconductive 
main coils. In a preferred embodiment, at least one of 
the inside and outside radii has a value between gener- 
ally the inner radius and generally the outer radius. In 
an exemplary embodiment, each of the inside and out- 
side radii has a value between generally the inner radius 
and generally the outer radius. The single superconduc- 
tive coil assembly additionally includes at least one gen- 
erally annular-shaped additional superconductive main 
coil generally coaxially aligned with the axis, carrying a 
third electric current in the first electric-current direction, 
and located within the coil housing longitudinally be- 
tween the pair of superconductive bucking coils. 

Several benefits and advantages are derived from 
the invention. With Applicant's closed MRI magnet de- 
sign, the overall axial (i.e., longitudinal) length of, for ex- 
ample, a whole-body magnet may be shortened by us- 
ing magnetic field analysis to choose the superconduc- 
tive bucking coils to overcome the gross magnetic field 
distortions within the imaging volume (created when lon- 
gitudinally outer superconductive main coils are moved 
axially inward to shorten the axial length of the closed 
magnet) to produce a magnetic field of high uniformity 
within the imaging volume. Applicant's highly uniform 
magnetic field permits high quality MRI imaging. Appli- 
cant's shorter closed magnet design eliminates or re- 
duces any claustrophobic feelings of patients. By locat- 
ing the superconductive bucking coils and the supercon- 
ductive main coils at roughly the same radial distance 
from the axis of the coil housing, a more compact mag- 
net design is achieved which requires less supercon- 
ductor in the main coils for a given magnetic field 
strength than would be required if the bucking coils were 
located radially inward from the main coils. 

The accompanying drawings illustrate several pre- 
ferred embodiments of the present invention wherein: 

Figure 1 is a schematic cross-sectional side-eleva- 
tional view of a first preferred embodiment of the 
closed MRI magnet of the invention having a pair of 
generally-non-permanently-magnetized ferromag- 
netic rings located outside the coil housing in the 
bore; 

Figure 2 is an end view of the magnet of Figure 1 



taken along the lines 2-2 of Figure 1 ; 
Figure 3 is an end view of one of the pair of super- 
conductive main coils of Figure 1 ; 
Figure 4 is an end view of one of the pair of super- 

5 conductive bucking coils of Figure 1 ; and 

Figure 5 is a view, as in Figure 1 , but of a second 
preferred embodiment of the closed MRI magnet of 
the invention having a pair of generally annular- 
shaped permanent magnet arrays located outside 

10 the coil housing in the bore. 

Referring nowto the drawings Figures 1 and 2 show 
a first preferred embodiment of the closed magnetic-res- 
onance-imaging (MRI) magnet 110 of the present inven- 
ts tion. The magnet 110 has a single superconductive coil 
assembly 112. The single superconductive coil assem- 
bly 112 includes a generally toroidal-shaped coil hous- 
ing 114 surrounding a bore 116 and having a generally 
longitudinally-extending axis 118. The coil housing 114 
20 includes a first circumferential outside surface 1 20 fac- 
ing generally towards the axis 1 1 8 and a second circum- 
ferential outside surface 122 radially spaced apart from 
the first circumferential outside surface 120 and facing 
generally away from the axis 118. The coil housing 114 
25 also includes spaced-apart longitudinally-outermost 
ends 124 and 126. Each of the longitudinally-outermost 
ends 1 24 and 1 26 preferably is a generally-annular out- 
side surface. Typically, the coil housing 114 defines a 
vacuum enclosure. 
30 The single superconductive coil assembly 112 also 
includes a pair of longitudinally-spaced-apart, generally 
identical, and generally annular-shaped superconduc- 
tive main coils 1 28 and 1 30. The pair of superconductive 
main coils 1 28 and 1 30 is conventionally supported (with 
55 such support omitted from the figures for clarity). Each 
of the pair of superconductive main coils 128 and 130 
is a DC (direct current) coil having a generally time-con- 
stant operating current. Each of the pair of supercon- 
ductive main coils 128 and 130 is generally coaxially 
40 aligned with the axis 118, is disposed within the coil 
housing 114, has a generally identical inner radius Rj 
132 and a generally identical outer radius R Q 134 (as 
shown in Figure 3), and carries a generally identical first 
electric current in an identical first electric-current direc- 
45 tion. The first electric-current direction is defined to be 
either a clockwise or a counterclockwise circumferential 
direction about the axis 118 with any slight longitudinal 
component of current direction being ignored. Hence, 
each of the pair of superconductive main coils 128 and 
50 130 produce generally time-constant and generally 
identical magnetic fields which have a generally identi- 
cal first magnetic-field direction within the bore 116 
which is generally parallel to the axis 118. 

Preferably, the pair of superconductive main coils 
55 128 and 130 is a longitudinally-outermost (i.e., longitu- 
dinally-furthest-apart) pair of superconductive main 
coils disposed longitudinally proximate the longitudinal- 
ly-outermost ends 124 and 126 and radially proximate 
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the first circumferential outside surface 120 of the coil 
housing 114. The superconductor used in each of the 
superconductive main coils 1 28 and 1 30 typically would 
be a superconductive wire or superconductive tape 
wound such that each superconductive main coil 128 
and 1 30 has a longitudinal extension and a radial exten- 
sion (i.e., radial thickness) far greater than the corre- 
sponding dimensions of the superconductive wire or su- 
perconductive tape. 

The single superconductive coil assembly 112 ad- 
ditionally includes a pair of longitudinally-spaced-apart, 
generally identical, and generally annular-shaped su- 
perconductive bucking coils 1 36 and 1 38 each of which 
is a DC (direct current) coil having a generally time-con- 
stant operating current. Each of the pair of supercon- 
ductive bucking coils 1 36 and 1 38 is generally coaxially 
aligned with the axis 118, is disposed within the coil 
housing 114 longitudinally between the pair of super- 
conductive main coils 128 and 130, has a generally 
identical inside radius rj 140 and a generally identical 
outside radius r Q 142 (as shown in Figure 4), and carries 
a generally identical second electric current in an oppo- 
site direction to the first electric-current direction. 

At least one of the inside and outside radii r { 140 
and r Q 142 of each of the pair of superconductive buck- 
ing coils 1 36 and 1 38 has a value between generally the 
inner radius Rj 1 32 and generally the difference between 
the inner radius Rj 132 and twice the outer radius R Q 
134 of the pair of superconductive main coils 128 and 
130. Mathematically stated, for each of the pair of su- 
perconductive bucking coils 1 36 and 1 38, it is generally 
true that: 

Rj < r-j < (2R 0 - Rj), 

and/or 

R i < r o < ( 2R o " R i)- 

By generally true is meant that each "less than" 
symbol "<" should be read as "less than or equal to". In 
a preferred embodiment, at least one of the inside and 
outside radii r s 140 and r Q 142 of each of the pair of su- 
perconductive bucking coils 136 and 138 has a value 
between generally the inner radius Rj 1 32 and generally 
the outer radius R Q 134 of the pair of superconductive 
main coils 1 28 and 1 30. Mathematically stated, for each 
of the pair of superconductive bucking coils 1 36 and 1 38 
in such preferred embodiment, it is generally true that: 

R i < r i < R o' 

and/or 



R ; < r < R . 

I o o 

In an exemplary embodiment, each of the inside 
5 and outside radii r s 1 40 and r Q 1 42 of each of the pair of 
superconductive bucking coils 1 36 and 1 38 has a value 
between generally the inner radius Rj 1 32 and generally 
the outer radius R Q 134 of the pair of superconductive 
main coils 1 28 and 1 30. Mathematically stated, for each 
10 of the pair of superconductive bucking coils 1 36 and 1 38 
in such exemplary embodiment, it is generally true that: 

Rj < r ; < R Q , 

15 

and 

R. < r < R . 

I o o 

20 

It is noted that the pair of superconductive bucking 
coils 1 36 and 1 38 produce generally time-constant and 
generally identical magnetic fields which have a mag- 
netic field direction within the bore 1 1 6 which is generally 
25 opposite to the first magnetic-field direction. The am- 
pere-turns of each of the pair of superconductive buck- 
ing coils 1 36 and 1 38 typically is less than the ampere- 
turns of each of the pair of superconductive main coils 
1 28 and 1 30. Desirably, the ampere-turns of each of the 
30 pair of superconductive bucking coils 1 36 and 1 38 is at 
least equal to generally 5% of the ampere-turns of all of 
the superconductive main coils in the coil housing 114. 
Preferably, the pair of superconductive bucking coils 
1 36 and 1 38 each is longitudinally disposed a generally 
35 identical distance from a plane 144 which is oriented 
perpendicular to the axis 1 1 8 and which is disposed lon- 
gitudinally midway between the pair of superconductive 
main coils 128 and 130. In an exemplary construction, 
the first and second electric currents are generally equal 
40 in amperage. 

It is preferred that the longitudinally-outermost ends 
124 and 126 of the coil housing 114 are longitudinally 
disposed a generally identical distance from the plane 
144. It is noted that such longitudinally-outermost ends 
45 1 24 and 126 desirably are generally-annular outside 
surfaces facing generally away from (and preferably 
aligned parallel with) the plane 144. The first circumfer- 
ential outside surface 120 defines the radial extent of 
the bore 116 of the coil housing 114. In an exemplary 
50 construction, the bore 116 has a radius which remains 
constant as one moves longitudinally from one to the 
other of the longitudinally-outermost ends 124 and 126 
of the coil housing 1 1 4. 

The single superconductive coil assembly 112 fur- 
55 ther includes at least one generally annular-shaped ad- 
ditional superconductive main coil 146 and 148 (only 
two of which are shown in Figure 1) generally coaxially 
aligned with the axis, carrying a third electric current in 
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the first electric-current direction, and disposed within 
the coil housing 114 longitudinally between the pair of 
superconductive bucking coils 136 and 138. The addi- 
tional superconductive main coils 146 and 148 are 
needed to achieve a high magnetic field strength, within 
the magnet's imaging volume, without exceeding the 
critical current density of the superconductor being used 
in the coils, as is known to those skilled in the art. It is 
noted that the at least one additional superconductive 
main coil 146 and 148 is radially disposed with respect 
to the pair of superconductive main coils 128 and 130 
in the same manner as the pair of superconductive 
bucking coils 136 and 138 is radially disposed with re- 
spect to the pair of superconductive main coils 128 and 
130. In an exemplary construction, the first and third 
electric currents are generally equal in amperage. Pref- 
erably, the pair of superconductive bucking coils 136 
and 1 38 is disposed longitudinally closer to the longitu- 
dinally-outermost ends 124 and 126 of the coil housing 
1 1 4 than to the plane 1 44. 

The pair of superconductive main coils 1 28 and 1 30 
(together with the at least one additional superconduc- 
tive main coil 146 and 148) typically produce, as de- 
signed by the artisan, a generally spherical (as shown 
in Figure 1), generally ellipsoidal, generally cylindrical 
or other-shaped imaging volume 1 50 (shown as a dotted 
image in Figure 1 ) typically centered generally at the in- 
tersection of the plane 144 and the axis 118. A closed 
MRI magnet which is designed to have a relatively short 
axial (i.e., longitudinal) length to overcome claustropho- 
bic feelings of patients must longitudinally relocate the 
superconductive main coils closer to the plane 1 44 than 
usual to achieve its short length. The effect of such coil 
relocation is to distort the uniformity of the magnetic field 
of the imaging volume 1 50. The pair of bucking coils 1 36 
and 1 38 is designed and positioned, using the principles 
of the present invention, previously disclosed herein, to- 
gether with conventional magnetic field analysis, as is 
within the skill of the artisan, to produce a highly homo- 
geneous magnetic field within the imaging volume 150 
for improved MRI imaging. Applicants were surprised to 
find (from the results of computer simulations) that the 
superconductive bucking coils 1 36 and 1 38 did not have 
to be placed radially inward of the superconductive main 
coils 1 28 and 1 30, but could be radially disposed roughly 
the same distance from the axis 118 as the supercon- 
ductive main coils 128 and 130 (as expressed by the 
previously-given three sets of equations). By locating 
the superconductive bucking coils 1 36 and 1 38 and the 
superconductive main coils 128 and 130 (and the at 
least one additional superconductive main coil 146 and 
148) at roughly the same radial distance from the axis 
118 of the coil housing 114, a more compact magnet 
design is achieved which requires less superconductor 
in the main coils 1 28 and 1 30 (and additional main coils 
146 and 148) for a given magnetic field strength than 
would be required if the bucking coils 1 36 and 1 38 were 
located radially inward from the main coils 128 and 130 



(and from the additional main coils 146 and 148). It is 
noted that without having additional main coils 146 and 
148 which are positioned longitudinally between the 
bucking coils 136 and 138 or without having the pair of 

5 superconductive bucking coils 136 and 138 disposed 
longitudinally closer to the longitudinally-outermost 
ends 124 and 126 of the coil housing 114 than to the 
plane 144, the magnet 110 would have a high magnetic 
field inhomogeneity unsuitable for MRI medical imaging. 

10 in certain applications, it is desirable that the single 
superconductive coil assembly 112 also include a pair 
of longitudinally-spaced-apart, generally identical, and 
generally annular-shaped superconductive shielding 
coils 152 and 154 each generally coaxially aligned with 

15 the axis 1 1 8, each carrying a generally identical second 
electric current in the opposite direction to the first elec- 
tric-current direction, and each disposed within the coil 
housing 1 1 4 radially outward from the pair of supercon- 
ductive main coils 1 28 and 1 30. The effect of the shield- 

20 jng coils 152 and 154 is to minimize any magnetic field 
leakage from interfering with any nearby electronic 
equipment, and their design and positioning is within the 
skill of the artisan using the principles of the present in- 
vention, previously disclosed herein, together with con- 

25 ventional magnetic field analysis. 

The cooling of the superconductive main coils 128 
and 130, the superconductive bucking coils 136 and 
138, the at least one additional superconductive main 
coil 146 and 148, and the superconductive shielding 

30 coils 1 52 and 1 54 may be accomplished by any means 
and do not form a part of this invention. Examples of 
conventional cooling include cooling by a cryogenic fluid 
(e.g., liquid helium) and/or a cryocooler. Details of such 
cooling (including, but not limited to, dewars, thermal 

55 shields, cryocooler coldheads, etc.) have been omitted 
from the figures for clarity. 

In the first preferred embodiment shown in Figures 
1 and 2, the magnet 110 also includes a pair of longitu- 
dinally-spaced-apart, generally identical, and generally- 

40 non-permanently-magnetized ferromagnetic rings 156 
and 158 each generally coaxially aligned with the axis 
1 1 8 and each disposed radially inward of the pair of su- 
perconductive main coils 128 and 130 and the super- 
conductive bucking coils 136 and 138. The pair of fer- 

45 romagnetic rings 156 and 158 is designed to augment 
the pair of bucking coils 136 and 138, using the princi- 
ples of the present invention, previously disclosed here- 
in, together with conventional magnetic field analysis, 
as is within the skill of the artisan, to produce a highly 

50 homogeneous magnetic field within the imaging volume 
150 for improved MRI imaging. The ferromagnetic rings 
156 and 158 may be located inside the coil housing or, 
as shown in Figure 1 , outside the coil housing 114. 
Referring again to the drawings, Figure 5 shows a 

55 second preferred embodiment of the closed magnetic 
resonance imaging (MRI) magnet 210 of the present in- 
vention. Magnet 21 0 is similar to magnet 1 1 0 of the first 
preferred embodiment of the invention, with differences 
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as hereinafter noted. In magnet 210, the pair of ferro- 
magnetic rings 156 and 158 is replaced with a pair of 
permanent magnet arrays 256 and 258. Thus, magnet 
210 includes a pair of longitudinally-spaced-apart, gen- 
erally identical, and generally annular-shaped perma- s 
nent magnet arrays 256 and 258 each generally coaxi- 
ally aligned with the axis 218 and each disposed radially 
inward of the pair of superconductive main coils 228 and 
230 and the pair of superconductive bucking coils 236 
and 238. The pair of permanent magnet arrays 256 and to 
258 is designed to augment the pair of bucking coils 236 
and 238, using the principles of the present invention, 
previously disclosed herein, together with conventional 
magnetic field analysis, as is within the skill of the arti- 
san, to produce a highly homogeneous magnetic field is 
within the imaging volume 250 for improved MRI imag- 
ing. The permanent magnet arrays 256 and 258 may be 
located inside the coil housing or, as shown in Figure 5, 
outside the coil housing 214. 

Applicants have used computer analysis to verify 20 
the magnet-shortening effect of using the previously-de- 
scribed superconductive bucking coils. In an example, 
a spherical imaging volume was achieved having 
1.5-Tesla magnetic field strength, a 45-centimeter-di- 
ameter, and a 7.5 parts-per-million peak-to-peak mag- 25 
netic field inhomogeneity. The coil-housing length was 
generally 1 40 centimeters with the bucking coils located 
at generally the same radial distance as the supercon- 
ductive main coils. For similar imaging volume perform- 
ance, this compares to an estimated coil-housing length so 
of generally 150 centimeters for a magnet design with 
the bucking coils located radially inward of the main coils 
and compares to an estimated coil-housing length of 
generally 170 centimeters for a magnet design which 
does not use any bucking coils. 35 



Claims 

1. A closed magnetic-resonance-imaging magnet 40 
comprising a single superconductive coil assembly 
including: 

a) a generally toroidal-shaped coil housing sur- 
rounding a bore and having a generally longi- 45 
tudinally-extending axis; 

b) a pair of longitudinally-spaced-apart, gener- 
ally identical, and generally annular-shaped su- 
perconductive main coils each generally coax- 50 
ially aligned with said axis, each having a gen- 
erally identical inner radius and a generally 
identical outer radius, each carrying a generally 
identical first electric current in an identical first 
electric-current direction, and each disposed 55 
within said coil housing; 

c) a pair of longitudinally-spaced-apart, gener- 



ally identical, and generally annular-shaped su- 
perconductive bucking coils each generally co- 
axially aligned with said axis, each having a 
generally identical inside radius and a generally 
identical outside radius, each carrying a gener- 
ally identical second electric current in an op- 
posite direction to said first electric-current di- 
rection, and each disposed within said coil 
housing longitudinally between said pair of su- 
perconductive main coils, wherein at least one 
of said inside and outside radii has a value be- 
tween generally said inner radius and generally 
the difference between said inner radius and 
twice said outer radius; and 

d) at least one generally annular-shaped addi- 
tional superconductive main coil generally co- 
axially aligned with said axis, carrying a third 
electric current in said first electric-current di- 
rection, and disposed within said coil housing 
longitudinally between said pair of supercon- 
ductive bucking coils. 

2. The magnet of claim 1 , wherein said pair of super- 
conductive bucking coils each is longitudinally dis- 
posed a generally identical distance from a plane 
which is oriented perpendicular to said axis and 
which is disposed longitudinally midway between 
said pair of superconductive main coils. 

3. The magnet of claim 2, wherein said pair of super- 
conductive bucking coils is disposed longitudinally 
closer to said longitudinally-outermost ends of said 
coil housing than to said plane. 

4. The magnet of claim 3, wherein said first, second, 
and third electric currents are generally equal in am- 
perage. 

5. The magnet of claim 4, wherein at least one of said 
inside and outside radii has a value between gen- 
erally said inner radius and generally said outer ra- 
dius. 

6. The magnet of claim 5, wherein each of said inside 
and outside radii has a value between generally 
said inner radius and generally said outer radius. 

7. The magnet of claim 6, wherein said pair of super- 
conductive main coils is a pair of longitudinally out- 
ermost superconductive main coils. 

8. The magnet of claim 4, also including a pair of lon- 
gitudinally-spaced-apart, generally identical, and 
generally-non-permanently-magnetized ferromag- 
netic rings each generally coaxially aligned with 
said axis and each disposed radially inward of said 
pair of superconductive main coils and said pair of 
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superconductive bucking coils. 

9. The magnet of claim 4, also including a pair of lon- 
gitudinally-spaced-apart, generally identical, and 
generally annular-shaped permanent magnet ar- 5 
rays each generally coaxially aligned with said axis 
and each disposed radially inward of said pair of su- 
perconductive main coils and said pair of supercon- 
ductive bucking coils. 

10 

10. The magnet of claim 1 , wherein said single super- 
conductive coil assembly also includes a pair of lon- 
gitudinally-spaced-apart, generally identical, and 
generally annular-shaped superconductive shield- 
ing coils each generally coaxially aligned with said is 
axis, each carrying a generally identical second 
electric current in said opposite direction, and each 
disposed within said coil housing radially outward 
from said pair of superconductive main coils. 
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